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[ Method and Apparatus for 
Controlling Hydrocarbon Injection 
Into Engine Exhaust To Reduce NOx ] 

Background of Invention 

[(18)01] This invention relates to methods and apparatus for reducing NOx in engine exhaust and 
more particularly to method and apparatus for reducing NOx in engine exhaust using 
hydrocarbon to react with such engine exhaust. 



[61902] As is known in the art, lean burn engines (e.g., diesel and DISI engines) provide great fuel 

Ul efficiency compared to stoichiometric spark ignited engines at the expense of more 

ii 

p complicated exhaust after-treatment. More particularly, one such after-treatment is the 

J? reduction of engine exhaust NOx. Lean NOx catalysts (ALNCs) are typically utilized to reduce 

jp tail pipe NOx emissions. 



[CR503] 



In a typical ALNC configuration, a reductant or reactant, e.g., urea or hydrocarbon, is 
introduced into the engine exhaust stream. In the case of a hydrocarbon (HQ, the hydrocarbon 
is to react with the NOx in the engine exhaust stream and the reaction is facilitated in the 
catalyst. This NOx reduction arrangement is essentially an open-loop arrangement because a 
measurement of the effectiveness of the NOx reduction is not used to adjust the amount of 
reactant being introduced, or injected into the engine exhaust. This open-loop arrangement 
includes a look-up table which stores the relationship between the desired amount of 
hydrocarbon injection in accordance with engine speed, engine load, EGR level, catalyst 
temperature and space volume, inter alia. Typical injection strategies compute the HC quantity 
ql to be injected as the product of a first function fl (where fl is a function itself of space 
velocity (SV), engine speed (RPM) and fuel quantity (fuel)) and a second function, f2, which is a 
function of catalyst temperature, Teat. More particularly, ql = f!(SV, RPM, fuel)*f2(Tcat). Thus, 
fl and f2 are determined a priori to thereby compute ql . The signal representative of ql is 
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used as the control signal for an HC injector. 



[0004] 



It should be noted that f2 is a function of the optimum catalyst conversion (i.e., NOx 



reduction) temperature. Such function f2 is shown in FIG. 1 . It is noted that f2 has a value of 0 
for catalyst temperatures less than T.LOW and catalyst temperatures greater than T_HICH. The 
function f2 is 1 .0 between catalyst temperature Tl and T2, where the optimum conversion 
temperature T_CAT_OPTIMUM for the particular catalyst shown in FIG. 1 is between Tl and T2 . 
Finally it is noted that the function f2 monptonically increases from 0 to 1 between T_LOW and 
Tl and monotonically decreases from 1 to 0 between T2 and T_HIGH. Finally, it should be noted 
that the function f2 shown in FIG. 1 is for the particular catalyst when such catalyst is green, or 
un-aged. The inventor has recognized that this function, and more particularly 
T__CAT_OPTIMUM, changes as the catalyst ages. Thus, while the function f2 may be accurate for 
a green, or un-aged, catalyst, this a priori determined function f2 is not accurate as the catalyst 
^ ages. Thus, the amount of HC added to the reaction may not be optimum as the catalyst ages, 
ffl Further, because there is no NOx sensor downstream of the catalyst the NOx reduction 
% effectiveness is not measured directly. That is, there being no measure of the NOx reduction 
tel effectiveness there is no feedback signal which may be provided to modulate or adjust the 



with such reactant without use of a sensor to detect the amount of un-reacted substance. 

Summary of Invention 

In accordance with the present invention, a method and system are provided for controlling 
hydrocarbon injection into engine exhaust to reduce NOx. The method and system inject the 
hydrocarbon into the engine exhaust in accordance with detection of a light-off event. Typically 
light-off occurs once per key-on session. The light-off event can be detected because when 
there is a hydrocarbon-02 reaction (i.e., the exotherm is generated by the reaction of HC with 
02, not with NOx), such reaction is an exothermic reaction and thus heat is generated and 
given off. The generation of such heat may be detected by measuring the difference in 
temperature across the catalyst. The peak in NOx conversion efficiency temperature changes 
with age. However, because the peak in NOx conversion efficiency temperature occurs at 
substantially the same temperature as light off event, a determination of light-off by the 



hydrocarbon injection process. 




The inventor has discovered a method and apparatus which enables the development of a 
feedback signal indicative of the effectiveness of a reactant in reducing a substance reacted 
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[0011] 



system and method enables adjustment in the hydrocarbon injection level for maximum NOx 
reduction efficiency. 

[0007] In another embodiment, a method is provided for controlling hydrocarbon injection into 
engine exhaust to react with and thereby reduce NOx in such engine exhaust. The reaction is 
facilitated by a catalyst. The catalyst has a temperature at which efficiency in facilitating such 
reaction is optimum, such efficiency changing with catalyst age. The method includes injecting 
the hydrocarbon into the engine exhaust in accordance with a signal representative of said 
temperature. 

[0008] In one embodiment, a method is provided for controlling hydrocarbon injection into the 

engine exhaust to reduce NOx. The method includes injecting the hydrocarbon into the engine 
P exhaust in accordance with detection of a light-off event. 

s 

[0Q09] In accordance with another feature of the invention, a system is provided for controlling 

111 hydrocarbon injection into an engine exhaust to reduce NOx in such exhaust, such engine 

> exhaust with the NOx and the injected hydrocarbon being directed to a catalyst for reaction 

Uj therein. The system includes a catalyst for facilitating a reaction between the injected 

n 

p hydrocarbon and NO in the exhaust. A hydrocarbon injector is provided for injecting the 
H x 

hydrocarbon into the exhaust upstream of the catalyst. A detection system is included. The 

detection system includes a pair of detectors each detecting a common parameter in the 

exhaust, one of such sensors being upstream of the catalyst and the other one of the sensors 

being downstream of the first sensor. A processor is provided for controlling the hydrocarbon 

injector in response to the pair of sensors. 

[001 0] In one embodiment, the common parameter is temperature and wherein the detectors are 
temperature detectors. 



In accordance with yet another embodiment of the invention, a processor is provided for 
controlling hydrocarbon injection into the engine exhaust to reduce NOx in such exhaust. The 
engine exhaust with the NOx and the injected hydrocarbon are directed to a catalyst to 
facilitate reaction between the injected hydrocarbon and the exhaust NOx. The processor is 
programmed to provide a control signal to a hydrocarbon injector to inject the hydrocarbon 
into the exhaust upstream in response to the output signal from a pair of sensors. Each of the 
pair of sensors is adapted detecting a common parameter in the exhaust, one of such sensors 
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being upstream of the catalyst and the other one of the sensors being downstream of the first 
sensor. 

In one embodiment the o6xx\xx\ox\ parameter is temperature/The details of one or more 
embodiments of the invention are set forth in the accompanying drawings and the description 
( below. Other featured, objects, and advantages of the invention will be apparent from the 
description and^rawings, and from the claims. 

Brief Description of Drawings 

[001 3] FIG. 1 is a graph showing the relationship between NOx conversion efficiency and the 
multiplier factor f2 as a function of temperature for a green catalyst; 

[pQl 4] FIG. 2 is a functional block diagram of an engine exhaust system according to the 



[ff@l 5] FIG. 3 is a graph showing the relationship between NOx conversion efficiency as a function 

m 

pj of temperature for a green catalyst and for an aged catalyst, such FIG. also showing a function 

f2 used to control injection of a hydrocarbon into the NOx to react with and thereby reduce 
jjj such NOx as a function of temperature for the green catalyst and for the aged catalyst; 



« 



[001 6] FIG. 4 is a graph showing the fractional portion of HC burned as a function of temperature 



p and NOx conversion efficiency as a function of temperature. 
[001 7] Like reference symbols in the various drawings indicate like elements. 

Detailed Description 

[0018] 

Referring now to FIG. 2, a functional block diagram of an exhaust system 1 0 for reducing 
and controlling hydrocarbon (HC) injection into the exhaust 1 2 of an engine 1 4 via an HC 
injector 18 to reduce NOx in such exhaust is shown.. The system 10 includes a catalyst 24 to 
facilitate the reaction between the HC and the NOx in the engine exhaust. More particularly, the 
system 1 0 includes the injectorl 8 for introducing hydrocarbons (HC) into the exhaust 1 8 in 
response to a control signal fed to the injector 1 8 on line 1 9 in a manner to be described in 
more detail hereinafter. Suffice it to say here that while the temperature T_CAT_OPTIMUM at 
which the hydrocarbon should react with the NOx in the exhaust for maximum NOx reduction 
efficiency may be established for a new or so-called green catalyst, as described above in 
connection with FIG. 1, the temperature T_CAT_OPTIMUM for optimum NOx reduction efficiency 
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increases with catalyst age. This is illustrated in FIG. 3. Thus, it is noted that the temperature 
(i.e. T_CATJDPTIMUM) at which there is optimum NOx reduction for a new catalyst is here, in 
this example, about 200 degrees Centigrade, as shown by curve 1 3, while for an aged catalyst 
the temperature (i.e. T_CAT_OPTIMUM) for optimum NOx conversion efficiency has increased to 
220 degrees Centigrade or shifted by 20 degrees Centigrade, as shown by curve 1 5. Further, it 
is noted that at optimum conversion temperature, the proper amount of hydrocarbon to be 
injected may be determined a priori from such things as engine speed, engine load, ECR level, 
etc. However, this proper amount of hydrocarbon injection is reduced by a factor K, (where K is 
1 .0 between Tl and T2 and < 1 for temperatures other than the optimum conversion 
temperature. More particularly, for the catalyst shown in FIG. 3, and referring also to FIG. 1 , f2 
in FIG. 2 has a value of 0 for catalyst temperatures less than T_LOW, here 1 80 degrees C for a 
green catalyst and 200 degrees C after the green catalyst has aged and catalyst temperatures 
greater than T_HIGH, here 250 for the green catalyst and 270 degrees C after the green catalyst 



?! 

Rl has aged. The function f2 in FIG. 3 is 1 .0 between catalyst temperature Tl and T2, where the 



optimum conversion temperature T_CAT_OPTIMUM for. the particular catalyst shown in FIG. 1 is 
between Tl and T2 . Here, for the catalyst shown in FIG. 3, Tl is 1 80 degrees C for the green 
catalyst and increases to 200 degrees C after it has aged, T2 is 210 degrees C for the green 
|^ catalyst and increases to 230 degrees C after it has aged. Thus, T_CAT__OPTIMUM for the green 
p catalyst in FIG. 3 is here 200 degrees C and shifts to 220 degrees C after aging as shown in 
jih FIG. 3. As noted above in connection with FIG. 1 , the function f2 monotonically increases from 0 
to 1 between T_LOW and Tl and monotonically decreases from 1 to 0 between T2 and T.HIGH. 



[001 9] Thus, for optimum conversion, one needs to know the curve f2 as a function of catalyst 

temperature and, as noted above and from FIG. 3, the shift in f2 with the age of the catalyst 24. 
Here, the processor 24 determines the optimum conversion temperature of an aged catalyst 
and thus the processor is able to determine that proper function f2 for such aged catalyst. That 
is, if the factor f2 is tuned for a green catalyst, such factor f2 is sub-optimal for the aged 
catalyst. A knowledge of the optimal conversion temperature for the aged catalyst would 
however enable optimal selection of the factor f2. 



Here, the processor 26 takes advantage of the property that from basic chemical kinetics 
the temperature for maximum NOx conversion coincides with the temperature of hydrocarbon 
light-off (i.e., the light-off temperature is the temperature when the hydrocarbons 02 reaction 
occurs). The light-off event can be detected because when there is this hydrocarbon-02 
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reaction, such reaction is an exothermic reaction and thus heat is generated and given off. The 
generation of such heat may be detected by here measuring the difference in temperature 
across the catalyst. Reference is made to FIG. 4 which shows the fractional portion of HC 
burned as a function of temperature and NOx conversion efficiency as a function of 
temperature. Thus, it is noted from FIG. 4 that the peak in NOx conversion efficiency occurs at 
substantially the same temperature as when there is an exotherm or burning of the HC, here at 
about 200 degrees C. Thus, peak NOx conversion efficiency and HC light-off coincide at 
substantially the same temperature. 

[0021] Thus, referring again to FIG. 2, a pair of temperature sensors 20, 22 is provided across the 
catalyst 24. The upstream and downstream temperature signals T.upstr and T.dnstr, 
respectively, are produced by the temperature sensors 20, 22, respectively. FIG. 2 is a 
functional block diagram of the processor 26, it being preferable that the processor 26 be a 

ji! programmed digital processor to perform the functions shown in FIG. 2 and to be described 

RJ below. 

[0022] A look-up table 27 is provided to store the function fl described above, such function fl 

» being a function of RPM, SV, start of injection (SOI), exhaust gas recirculation (EGR) and fuel. 

p 

[ffi23] 

% The processor 26 produces the function f2 as a function of aging of the catalyst 24 

4 ::: 

P conversion efficiency in a manner to be described and then multiplies the function f2 with the 
function fl from table 27 in multiplier 29. It is first noted that the level of the hydrocarbon 
injected into the exhaust is checked to determine whether it is above a minimum level to insure 
that an exothermic reaction can be expected. If there is such a minimum level of HC, the 
processor computes the exotherm T_exo=T-dnstr-T_upstr in a subtractor 31 in response to 
the signals produced by the temperature sensors 22, 20, respectively. If the computed 
exotherm T_exo exceeds a threshold level T_exo_thres, the light-off temperature, TJo, (i.e., 
the temperature produced by the upstr sensor 20 when the computed exotherm T.exo exceeds 
the threshold level T_exo_thres) is detected and such light-off signal TJo is passed through a 
gate 30 to a subtractor 32. Gate 30 is an enabled gate to close temporarily when its enabling 
input exhibits a rising edge from negative to positive; otherwise it is open. This light-off 
temperature, TJo which passes through gate 30 when such gate is temporarily closed, is 
compared with the light-off temperature expected for the catalyst 24 when such catalyst 24 
was green; i.e., an expected light-off temperature TJo_exp_green. This expected light-off 
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temperature, T_lo_exp_green f is a function of total exhaust flow. Thus T_lo_exp_green (i.e., 
T_CAT_OPTIMUM) as a function of total exhaust flow is stored in a look-up table 35. The table 
35 is fed the actual total exhaust flow by a sensor disposed in the engine intake air system . 
The output of the look-up table 35 is thus the light -off temperature expected for a green 
catalyst, i.e., T_lo_exp_green. This temperature T_lo_exp_green, along with the actual light-off 
temperature TJo of the catalyst 24 (which was passed through gate 30) are fed to the 
subtractor 32. The subtractor 32 computes T_lo_diff = T_lo-T_lo_exp_green (i.e., the difference 
between the actual light-off temperature of catalyst 24 and the light-off temperature expected 
for a green catalyst). Thus, T_lo_diff is, as described above, a function of the aging of the 
catalyst 24 and particularly the effect of aging of the catalyst 24 on the optimum conversion 
temperature T__CAT_OPTIMUM (FIG. 1) 

[<|§24] This difference TJo„diff is used to compute f2 for multiplication with fl produced by the 
look-up table 27 and thereby produce the correct control signal on line 1 9 for the HG injector 
|]j 1 8. More particularly, the function f2 for a green catalyst must be shifted as described above in 
% connection with FIG. 2 so that f2 produced by a calculator 39 is equal to f2 where f2 is the 
UP curve 1 7 of FIG. 3 shifted in temperature TJo_diff, here 20 degrees C to produce curve 1 9 in 
FIG. 3. 



[<S©25] To put it another way, T_lo_diff = TJo - T_lo_exp_green (i.e., where TJo is the current 
p light-off temperature of the catalyst 24 and TJo_exp„green is the light-off temperature of the 
^ catalyst prior to its aging). The function multiplied by fl in multiplier 29 is f2 for a green 
catalyst shifted in temperature by TJo.diff. Thus, the calculator 39 produces f2 for 
multiplication with fl in multiplier 29 which is a function of temperature in accordance with the 
curve 1 9 in FIG. 3 if, for example, TJo_diff = 20 degrees C. 

[0026] The calculator 39 includes an integration to make TJo.diff depend not only on the last 
recorded light-off (i.e., TJo), but the average off the last few light-off events. Thus, the 
calculator computes the temperature for peak NOx conversion efficiency in accordance with 
TJo(k) =TJo(k+l)+ki*TJo_diff, where ki is a calibration gain less than one. Thus, f2 = f2 for a 
green catalyst shifted in temperature by TJo_diff =TJo(k-f 1)-TJo_exp_green. 

[0027] a number of embodiments of the invention have been described. For example, while the 
light-off event is detected in the above embodiment by detecting an exotherm across the 
catalyst by measuring a temperature difference with temperature sensors, a CO light-off 
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condition may be detected using CO sensors across the catalyst. 

Nevertheless, it will be understood that various modifications may be made without 
departing from the spirit and scope of the invention. Accordingly, other embodiments are 
within the scope of the following claims. 



